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NMR HEAD IMAGING SYSTEM 
RELATED APPLICATION 

This application is a continuation-in-part by the same inventor of a first commonly-owned 
application, Ser. No. 10/336,333, filed Jan. 6, 2003. 
5 This application is a continuation-in-part by the same inventor of a second commonly- 

owned application, Ser. No. 10/393,999, filed Mar. 24, 2003. 

The invention is directed to an NMR head imaging system using permanent magnets to 
establish the uniform imaging field. 

BACKGROUND OF INVENTION 

1 0 The first related application, whose full contents are herein incorporated by reference, 

describes a magnetic structure designed for NMR head imaging in interventional procedures. 
The requirements to be satisfied are described in detail in the related application. These 
requirements are satisfied by a permanent magnetic structure capable of generating a uniform 
field for NMR imaging over a region of interest encompassing the head of a patient and that is 

1 5 open at one side allowing access to the head of the patient by a physician for surgical or other 
medical purposes. In a preferred embodiment described in that application, the magnetic 
structure of the invention comprises a head structure generating a uniform magnetic field in a 
region of interest encompassing the patient's head, coaxially aligned with a shoulder structure 
generating a magnetic field that extends the uniform field to a second larger region 

20 encompassing the patient's shoulder, and joined to the head structure by a coaxially aligned 

transition structure which maintains the uniform magnetic field in the region connecting the first 
and second regions. A feature of that invention is a magnetic structure comprising a single pole 
piece that extends throughout the structure, which pole piece is connected to the head, shoulder, 
and transition magnetic structures, with the single pole piece in the shoulder region being 

25 configured to house a second magnet that cooperates in extending the uniform field to the 
shoulder region. 

The second related application, whose full contents are herein incorporated by reference, 
describes a magnetic structure designed for NMR head imaging in interventional procedures 
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which differs from the first application in that the permanent magnetic system is based on the 
use of a conical magnet or section of a conical magnet . In a preferred embodiment, the conical 
section is connected to an inner essentially cylindrical section, and the region inside the conical 
magnet comprises a high-permability ferromagnetic material. In a further preferred 
5 embodiment, the magnetic structure comprises opposed, spaced circular-symmetric structures 
with the region of interest falling within a cavity between the circular-symmetric structures and a 
second larger outer cylindrical magnet extends over each of the circular-symmetric structures. 
The three main permanent magnetic components of the structure of the preferred embodiment 
are all magnetized in the same direction, preferably parallel to the axis of the conical segment. 
10 SUMMARY OF INVENTION 

An object of the present invention is an improved NMR head imaging system based on the 
conical magnetic system that provides improved field uniformity in the region of interest and 
offers the possibility of a higher field intensity of the NMR imaging field or a structure of 
reduced weight and size. 

1 5 These objects are achieved in accordance with one aspect of the invention by a structure of 

the magnet wherein the inner essentially cylindrical section is more closely coupled to the 
conical section. This may introduce field distortions in or near the region of interest. Transition 
means where the inner cylindrical section and conical section interface are provided to correct 
for any such field distortions. 

20 In a preferred embodiment, the inner essentially cylindrical section is essentially integrated 

with the conical section with at least one magnetic strap positioned to extend radially within the 
inner essentially cylindrical section to force surfaces intended to be equipotential to become 
more equipotential. In a farther preferred embodiment, the magnetic strap extends up to but 
spaced from the inner surface of the conical section. In this preferred embodiment, a further 

25 improvement is possible by adjusting the value of the design factor K to, typically, a value 

slightly larger than the factor originally used in the design, in accordance with a method feature 
of the invention. In still another preferred embodiment, a further improvement is possible by use 
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of a novel shimming technique based on the measurement of the active field generated by the 
assembled magnetic structure. 

In still a further preferred embodiment, the inner ferromagnetic filling of the magnetic 
conical section is recessed to incorporate an inwardly extending section of the second outer 
5 cylindrical magnet, which reduces the weight and size of the overall magnetic structure. 

As in the second related application, the three main permanent magnetic components of the 
structure of the preferred embodiment are preferably all magnetized in the same direction, 
preferably parallel to the axis of the conical section. 

The various features of novelty which characterize the invention are pointed out with 
1 0 particularity in the claims annexed to and forming a part of this disclosure. For a better 

understanding of the invention, its operating advantages and specific objects attained by its use, 
reference should be had to the accompanying drawings and descriptive matter in which there are 
illustrated and described parts of the second related application as well as the preferred 
embodiments of the present invention, like reference numerals or letters signifying the same or 
1 5 similar components. 

SUMMARY OF THE DRAWINGS 

In the drawings: 

Fig. 1 is a schematic perspective view of a conical magnetic structure to explain several of 
the principles on which the invention is based; 

20 Fig. 2 illustrates some exemplary equipotential surfaces present in the structure of Fig. 1; 

Fig. 3 is a cross-sectional view of part of one form of magnetic structure in accordance with 
the invention. In this figure and in several of the other figures, only one quarter of the actual 
structure is shown, as the remaining three quarters are essentially mirror images. In particular, a 
mirror image of that quarter is present on the opposite side of the vertical axis which if present 

25 would illustrate the top half of the full structure, and, similarly, a mirror image of that top half is 
present on the opposite side of the horizontal axis which if present would illustrate both the top 
and bottom halves and thus the full structure in accordance with the invention. One embodiment 
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of the full structure according to the invention is illustrated in Figs. 8 and 9. It will be apparent 
from the figures which ones represent only part of the full structure; 

Fig. 4 is a cross-sectional view of part of another form of magnetic structure in accordance 
with the invention and Fig. 5 is a similar view with some typical dimensions indicated; 
5 Fig. 6 is a top view of the full magnetic structure of which only one-quarter was previously 

illustrated and to which a yoke has been added. In this figure, a patient is schematically shown; 

Fig. 7 is a side view of the magnetic structure shown in Fig. 6; 

Fig. 8 is an exploded view of a magnetic structure similar to that of Fig. 7; 

Fig. 9 is a perspective view of the Fig. 8 embodiment with one-quarter cut away to show the 
1 0 interior in part. 

Fig. 10 is a schematic cross section of part of the magnetic structure of Fig. 7 illustrating the 
location of one form of a filter structure to compensate field distortions; 

Fig. 1 1 is a cross-sectional view similar to that of Fig. 4 of part of one form of magnetic 
structure in accordance with the present invention; 
1 5 Fig. 12 is a schematic view of another form of magnetic structure in accordance with the 

present invention; 

Fig. 13 is a graph of the field homogeneity and field intensity in the cavity as a function of 
increases in the design factor K, indicating a method for optimizing these magnetic properties; 

Fig. 14 is a cross-sectional view similar to that of Fig. 1 1 of part of another form of 
20 magnetic structure in accordance with the present invention; 

Fig. 15 is an enlarged view similar to a permanent magnetic part of Fig. 7 illustrating a novel 
shimming technique in accordance with the present invention. 

DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS 

For a better understanding of the present invention, the reader is urged to read the many 
25 technical papers which I alone or with others published and which describe various 

configurations of NMR imaging systems as well as various schemes for compensating for 
magnetic field disturbances in composite structures that have been characterized as yoked, 
yokeless, or hybrid magnets. Particular attention is directed to issued USPs 5,495,222; 
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5,790,006, and 6,265,959 which describe some of the problems of fabricating open magnetic 
structures with NMR imaging uniform fields and some solutions to those problems, the contents 
of which patents and publications are herein incorporated by reference. 

It will also help to present some definitions of terms used herein to avoid ambiguity. These 
5 definitions include the following. 

A "high permeability" member, as used herein, shall mean a soft ferromagnetic body having 
a permeability, \i, exceeding 10 and preferably as high as possible. For simplicity, it is 
sometimes referred to in the literature as a 0=oo) material, i.e., an ideal soft ferromagnetic body. 
For virtually all practical purposes, the performance of infinite permeability, unsaturated . 
1 0 ferromagnetic material is the equivalent of soft iron. 

A "yoked magnetic system", as used herein, is a permanent magnetic structure surrounded 
by a body of high permeability material serving as a yoke to carry the return flux of the induction 
B from one pole of the magnetic structure to the other pole. To avoid saturation, the yoke should 
have a large enough cross sectional area to convey the flux without saturating. The cross section 
1 5 typically varies to satisfy local flux-carrying requirements. 

A "hybrid magnetic system", as used herein, is a permanent magnetic structure only partially 
surrounded by a body of high permeability material, both the high permeability material where 
present and the non-surrounded parts of the structure serving to carry the return flux of the 
induction B from one pole of the magnetic structure to the other pole. To avoid saturation, the 
20 body of high permeability material which can also be called a yoke should have a large enough 
cross sectional area to convey the flux without saturating. The yoke cross section typically 
varies to satisfy local flux-carrying requirements. 

A "uniform magnetic field", as used herein, shall mean a magnetic field that over a region of 
interest has an intensity that varies by less than about 10 ppm. 
25 A "magnetic dipole", as used herein, is a permanent magnetic element with a north pole on 

one end or side and a south pole at its opposite end or side. It can have various shapes. It can, 
for example, be a small chunk or block or plate typically mounted on a surface bounding the 
region of interest. For the conical geometry, the preferred magnetic dipole shape is a ring 
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element surrounding and mounted on the conical surface of the permanent magnetic conical 
element of the structure. 

The term "substantially" appears from time to time in the specification and claims. It should 
be understood in a practical sense to mean small variations in some structure or parameter term 
5 that do not make significant changes in properties associated with those structures or parameters 
and are included within the scope of the associated term. 

The term "essentially" appears from time to time in the specification and claims. It should 
be understood in a practical sense to mean that it defines a structure which functionally can be 
characterized in a certain way but in which other aspects of the structure may be present that do 

1 0 not strictly conform to the sense used but also do not significantly detract from its prime or 

essential function. For example, a magnet may be referred to as essentially cylindrical, when in 
fact it may have non-cylindrical portions. But for design purposes, the magnet can still be 
characterized as cylindrical as the latter term signifies its main functional attributes. 

Magnetic systems of this kind are often designed using a so-called non-dimensional number 

1 5 identified by the symbol K, which can vary between 0 and 1 . Typically, one starts the design 
with a chosen value for K depending upon the magnetic materials available and the field 
intensity desired, and this value of K remains unchanged. However, in accordance with a feature 
of the present invention, it turns out that relatively small changes in the value for K can have a 
significant effect on field uniformity, as will be explained below. It will also be understood that 

20 permanent magnetic materials having the highest magnetic properties including remanence are 
preferred. Nowadays, these are the family of rare earth magnets such as Nd,B,Fe. Variations in 
the relative proportions of the main ingredients of such magnets, as is well known in the art, 
typically results in variations of the alloys main magnetic properties, a fact that may be used to 
implement the above feature of the invention. 

25 When the application speaks of "configuring" the magnetic structure, this is to be 

understood in the context of this and the referenced literature to mean the design scheme of 
selecting the geometry, dimensions, materials, and magnetizations of the various members of the 
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structure in the light of the design parameter K chosen and such additional constraints as the 
desired active field intensity, maintenance of field uniformity, and reduction of stray fields. 

Open magnetic structures used to implement NMR imaging are often constructed of blocks 
of permanent magnetic material assembled to form the configuration of the sides, top, and 
5 bottom of the structure desired and defining a cavity on its interior for receiving the patient. 
This is typically a simpler scheme for fabricating such systems as regularly shaped blocks 
uniformly magnetized in a single direction are easier to fabricate by the usual powder metallurgy 
and grinding steps. Thus, where the specification or claims call for, for example, a conical or 
cylindrical-shaped magnetic structure, this should be understood to include a single member 

1 0 with that configuration, or several members held together by magnetic forces forming a 

composite member with that configuration, since, magnetically speaking, the performance is 
substantially the same. Moreover, though the magnetic shapes used to illustrate the invention 
are typically shown with smooth surfaces, in many cases the structure configuration could be 
implemented with several joined magnetic members which together produce a functional 

1 5 equivalent. For example, the round surface of a conical or cylindrical configuration can 

sometimes be more easily obtained with a composite structure made up of thin round slabs of 
permanent magnetic material which form a slightly stepped outer surface. The composite 
structure, overall, would still be classified as conical or cylindrical, as the case may be, and the 
resultant orientation of their magnetic fields can still be represented by a single arrow. For 

20 convenience, it may also be simpler to define the system using an arbitrary rectangular or 

spherical coordinate system, in which, as shown in the literature referenced, linear dimensions of 
the rectangular system coordinate system are measured along the x, y or z dimension, and the 
corresponding dimensions of the spherical coordinate system are measured along radii and by 
angles from arbitrary lines or planes. Also, for convenience of explanation, in the preferred 

25 embodiment which is analyzed in the spherical coordinate system, the direction of the uniform 
field is chosen parallel to the z axis which happens to be the cone axis also, and the patient's 
orientation is chosen such that his or her longitudinal axis is perpendicular to the z axis, so that, 
when the patient is within the magnetic structure for head imaging in a normal position flat on 
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his or her back, his or her body stretches in a direction perpendicular to the z direction, and thus 
perpendicular to the direction of the uniform field at the plane of the body. The patient would 
normally lie on a non-magnetic table within the system, but for convenience the table is not 
shown in the drawings as it has no effect on the magnetic properties. The spherical coordinate 
5 system is indicated in the drawings. The description of the invention focuses on the magnetic 
structure in the vicinity of the head and shoulders of the patient. It will also be understood that, 
in practical situations, normal manufacturing tolerances both in dimensions as well as in 
magnetic properties of the magnetic blocks introduce minor field distortions and fluctuations 
which are commonly compensated by a known process called "tuning", using shims to adjust the 
1 0 positions of the magnetic members, and filters for field non-uniformities. Also, in the drawings, 
arrows are present labeled with a J or H where J is the standard symbol for remanence, Hthe 
standard symbol for the magnitude of the uniform field, and \i the standard symbol for magnetic 
permeability. 

The concepts underlying the development of the invention involve the following 
1 5 recognitions. 

1. A uniform magnetic field capable of implementing NMR imaging can be generated in a 
cavity by a conical structure defining an inner conical section and a coaxial outer conical section 
positioned adjacent the cavity, with selected cone angles. 

2. The conical shape provides a small cavity connected to an adjacent larger cavity, in which 
20 the small cavity can be configured to accommodate the head of a patient, and the adjacent larger 

cavity can be configured to accommodate the shoulders of the patient. 

3. The outer conical section comprises permanent magnetic material and the inner conical 

a*« r* r^*v\ n /^rt \i % rvV\ t%am^onKi1i^ir f"V» rm O+l /"» YY\ CJTOT1 0 1 

dl/l/Liirli lA/iiipi ni^ii pv^i nivuuim) liiugiivuv hiuivimi. 

4. It is also desirable to provide a uniform field capable of implementing NMR imaging by 
25 extending laterally the outer cone magnet by an additional first permanent magnet (sometimes 

referred to as the inner cylindrical permanent magnet), with both permanent magnet members 
having their remanences oriented in the same direction which is the axis of symmetry of the 
overall structure and also the orientation of the uniform field in the cavity. 

Abe30\appl 

8 



5. The strength of the uniform field can be augmented by positioning an additional second 
permanent magnet on the outside of the conical structure, i.e., adjacent the wide end of the 
conical structure, (sometimes referred to as the outer cylindrical permanent magnet) with its 
remanence oriented in the same direction as that of the first additional permanent magnet. 
5 In implementing the principles described above, a number of different configurations of 

magnetized material and soft ferromagnetic materials may be used. Preferred configurations 
will be described in detail below, but it will be understood that the invention is not limited to 
those particular configurations and dimensions where indicated and other different combinations 
of magnetic materials and of other dimensions can be employed following the principles 
1 0 described below to achieve the benefits of the invention, as will be understood by those skilled 
in this art. 

The reader's attention is directed to the attached Appendix which is a more rigorous 
mathematical explanation of the principles on which the present invention is based. The 
following description will focus on the structural arrangements. For more details of how to 
1 5 implement embodiments of the invention, the reader is urged to also review the Appendix whose 
full contents are herein incorporated by reference as supplemented by the referenced paper and 
patents. The description found in the second related application will be described first as a 
knowledge of it will make easier for the reader an understanding of the improvement of the 
present application. 

20 The invention can be better understood in the context of the simple conical structure 

illustrated in Fig. 1 comprising two coaxial cones 10, 12 having a common cone axis 14 also 
designated as the z axis. The conical structure at the top has an apex at the center labeled 0 

W111V11 13 clisxj uuca yji mi/ hy 111x11^1,1 iv^cxi juvvnw vwiiivui ouuviuiv <*i uiv wv/ t-vv/m. X iiw vuivi 

cone 10 is shown cross hatched for clarity and is contained between half-angle 0 0 and half-angle 
25 0! . The outer cone 10 is shown magnetized uniformly with the remanence 16 oriented vertically 
as shown parallel to the z axis. The inner cone 12 is shown without hatching for clarity and is 
assumed to be ferromagnetic with a high permeability. Outside of the cone's outer conical 
surfaces 8 is a non-magnetic medium. As explained in the Appendix, there will be formed 
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adjacent the cone 10 a uniform magnetic field that is also oriented parallel to the z-axis. The 
equipotential lines for the region adjacent the right side 8 of the upper cone magnet 10 is 
indicated at 18 in Fig. 2, and the equipotential lines inside the magnet 10 is indicated at 29. For 
the example given later on, to which the invention is not limited, the conical structure of Fig. 1 
5 generates a uniform field of intensity approximately equal to 0.55 Tesla. 

The next step in the development is to maintain the conical magnet shape but eliminate the 
magnetic material below Z 0 as shown in Fig. 3, and, as explained in the Appendix, provide an 
external termination of the conical body of magnetized material, which is accomplished by the 
transition from the conical magnetic structure 26 to an annular cylindrical structure 20 as 

1 0 illustrated in Fig. 4 (previously referred to as the additional first or inner permanent magnetic 
member). The latter has a common axis along the z-axis and is oriented with its remanence 22 
also parallel to the z-axis. Other changes are necessary as indicated and explained in the 
Appendix. The inner now-truncated ferromagnetic conical section 24 bounds as before the 
magnetized conical section 26 with the remanence 16 also parallel to the z-axis. A horizontal 

1 5 extension 28 of the ferromagnetic section 24 separates the conical section 26 and the cylindrical 
section 20 from an additional outer cylindrical magnetized body 30 (previously referred to as the 
additional second permanent magnetic member) which extends over and around the whole 
structure including the not-shown left quadrant and the not-shown two quadrants below. A non- 
magnetic or empty space 32 separates the conical 26 and the cylindrical 20 sections. The 

20 uniform magnetic field in the non-magnetic space 32 is oriented vertically downward, opposite 
to the orientation of the field in the adjacent magnetic components 20, 26. The various symbols 
are explained in the Appendix. 

Fig. 5 illustrates the same structure with some typical dimensions in cm of the upper right 
quadrant to which the invention should not be limited. The angles 45° and 20° correspond to the 

25 half-angle 9 0 and half-angle 8i . The space underneath the structure and thus between it and the 
corresponding not-shown structure beneath forms the cavity for receiving the patient. As will be 
noted, the cavity includes a smaller region 32 for accommodating the head of the patient, and a 
larger contiguous adjacent region 34 for accommodating the larger shoulders of the patient. 
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Figs. 6 and 7 show, respectively, top and side views of a complete form of a preferred 
embodiment according to the invention indicated by 40. Looking first at Fig. 7, imagine that the 
structure illustrated in Fig. 5, rotated about the vertical and horizontal axes originating at the 
origin 0, are thus expanded to include both upper right (shown in Fig. 5) and left quadrants, to 
5 form a circular-symmetrical magnetic structure 42, spaced opposite to an identical structure 44 
corresponding to the lower right and left quadrants. The cavity space between referenced 32 
which is bounded by the bottom surfaces 48 of the inner ferromagnetic cores 24 (see Fig. 5) is 
the head cavity bordered on all sides by the larger shoulder cavity 34 bordered by the inner 
surfaces 66, 68 of the permanent magnetic components 26, 20. The head 54 and shoulders 56 of 

1 0 a patient lying on his or her back is illustrated by the dashed outline and extends parallel to the y- 
axis. The shoulders are behind the plane of the drawing. To the opposed symmetrical structures 
made up of the rotated quadrant illustrated in Fig. 5 has been added a conventional soft 
ferromagnetic U-shaped yoke with its bight 60 at the bottom and the two arms 62, 64 embracing 
the corresponding backs of the added cylindrical magnets 30. The z-axis in Fig. 6 is at the center 

1 5 perpendicular to the plane of the drawing, forming with the vertical x-axis and horizontal y-axis 
a rectangular coordinate system. The top view of Fig. 6 shows the circular symmetry about the 
z-axis of the main magnetic components 42, 44. 

Fig. 9 is a perspective view of the structure of Fig. 7, and Fig. 8 is an exploded view. For 
• simplicity, the additional cylindrical magnets 30 at the top and bottom have been omitted, but 

20 they have the same lateral extent as the adjacent lateral extension 28 of the high permeability 
core 24. The Fig. 8 view is depicted as if the whole structure 40 was lifted out of the yoke bight 
60 and then exploded. The Fig. 9 embodiment shows one quadrant corresponding to Fig. 5 cut 
out and removed to show the inner construction. As will be observed, with the structure 40 lying 
on its base represented by the yoke bight 60, due to the symmetry, the patient can be introduced 

25 into the cavity from both sides as well as from the top, as the shoulder cavity 34 surrounds the 
smaller head cavity 32. The patient is positioned for head NMR imaging with its head inside the 
cavity 32 and its shoulders extending into the cavity 34. The object is to produce a magnet 
configuration that will generate a uniform imaging field in a region of interest surrounding the 
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patient's head 54, the magnetic field having an intensity Hq (He in the Appendix) along the z 
axis in Fig. 7. 

The intensity Ho is related to the remanence J of the conical magnetic material by the 
equation: 

5 • K>(moHo)/J. , 

where no is the magnetic permeability of a vacuum and K is a design parameter which is a 
function of the dimensions z of the structure as shown in the Appendix. 

The dimensions in centimeters shown in Fig. 5, which are otherwise to scale, are only 
exemplary, and indicate representative values for one magnet design for a value of K = 0.426, 
1 0 which would correspond to a uniform field in the imaging region of: 

(po He) ~ 0.55 Tesla, for J ~ 1 .3 Tesla. 
In the implementation illustrated in Figs. 6-9, the magnetic structure is open from all sides 
except for the yoke base side to allow access to the surgical area. This opening usually 
introduces a distortion of the uniform field in the imaging region that must be partially corrected 
1 5 to bring the field variation within acceptable limits, typically within 10 ppm. This correction is 
part of the tuning or shimming of the magnet that compensates the distortion induced not only by 
the opening but also by the magnetization and fabrication tolerances. 

One way to accomplish the tuning of the magnet is by means of a filter structure assembled 
on the inner magnetic structure surfaces 48, 66, 68 as described in detail in one of my 
20 publications entitled "Linear Theory of Pole Piece Design in Permanent Magnets" , published in 
the Proceedings of the Thirteenth International Workshop on Rare Earth Magnets and their 
Applications, Sept. 1 1-14, 1994, Birmingham, United Kingdom, whose contents are 

l/Ul UU1 Cll^U UV ll/i-lsl Wlll'l' 111 Li lib CipL/llWCill Wll. imj pcip^/l va^iuhio biiUri uiv uvoi^ii v* juivw^iv 

filter structure is the result of a linear theory of pole pieces developed by the author, in which the 
25 imaging region is assumed to be confined in a cylinder whose axis contains the imaging center 
and is perpendicular to the pole pieces. The cylinder is closed by the surfaces of the two pole 
pieces that act like reference surfaces of the magnetostatic potential. This potential generated by 
the magnet inside the cylinder is expanded in cylindrical harmonics as shown by equation 22 in 
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the referenced paper in which the symbols have the meanings indicated in the paper and 
therefore do not need repeating here. In that equation, the first term on the right hand side is the 
uniform field , and the other terms are the harmonics of the field distortion corrected by the filter 
structure as described in that paper. These harmonics are eliminated if the sections of the filter 
5 are polarized with a dipole moment that satisfies equation 24 of the paper. As will be observed 
from the paper, the series of the field distortion converges rapidly and, as a consequence, only 
the lower order harmonics have to be compensated. The system of Figs. 6-9 can be compensated 
by concentrating on the inner surfaces 48, 66, 68 of the structure bounding the cavities 32, 34 a 
suitable distribution of correcting dipole moments in magnets. Specific examples of filter design 

1 0 suitable for this application can be found in the paper and in my issued patents Nos. 5,475,355 
and 5,495,222, whose contents are incorporated by reference in this application. One form of 
active filter structures are thin sandwiches of outer soft ferromagnetic plates bounding the cavity, 
magnetically isolated from the supporting magnetic structure, with a permanent magnetic insert 
or inserts between the plates. They can be located in accordance with the principles enunciated 

1 5 in the paper along the cavity-bounding interior surfaces to reduce or minimize field distortion. 
The filter structures typically tend to be positioned in the vicinity of the region of interest. Fig. 
10 illustrates schematically one possible filter structure 80 on the conical surfaces of the 
structure, shown as several discrete or annular members made up of ferromagnetic and 
magnetized material which have the necessary magnetic properties and are distributed such as to 

20 compensate for field distortions as described in the referenced paper and patents. 

The region of interest would typically be a spherical region or a region approximating a 
spherical region within the cavity, centered (for example, at z = 0, y = 0) where the geometry is 
symmetrical at a position where the degree of uniformity is acceptable, as explained typically a 
uniformity that does not vary by more than about the 10 ppm over the whole of the region of 

25 interest. 

Those skilled in the art will appreciate that the invention is not necessarily limited to 
structures with the dimensions indicated in the drawings, which are only to illustrate the size of a 
particular embodiment. The preferred geometry illustrated can be replaced by other geometries 

Abe30\appl 



following the principles described herein. In particular, the half-angle 0 O and half-angle 9j are 
not limited to the two values given in the preferred embodiment. Those values are preferred 
because they represent a good practical compromise among factors such as the overall size of the 
unit, the volume of magnetic material required, the magnetic field intensity, and the patient's 
5 accommodation. For example, increasing 9 0 (for example, Q\ = 20°, 9 0 = 50° , for K = 0.55) 
increases the structured size, requires more magnetic material, and may undesirably reduce the 
patient's cavity, though it wall also allow a higher field intensity (no He) ~ 0.71 Tesla with the 
increased magnetic material. Keeping 9 0 at 50°, but increasing 9i to 30° , for example, likewise 
may also require more magnetic material but with a K = 0.36 will result in a smaller field 

1 0 intensity (po He) - 0.47 Tesla. Reducing both angles will likely produce too narrow a practical 
structure with inadequate patient space. These other geometries are also considered within the 
scope of the invention. It will also be understood that the patient may be rotated about the y axis 
within the magnetic structure in order to allow the surgeon to access different sides of the brain. 
A number of important advantages flow from the configurations of the invention, which 

1 5 include: an overall smaller structure size requiring less magnetic material while maintaining a 
high field intensity, accomplished with a structure that is considerably simpler than alternative 
structures. 

To reduce dimensions and weight (very important when the structure is to be used in a 
surgical suite), the space between the body and the magnetic structure should be reduced to a 
20 minimum compatible with the design requirements of the structure bearing in mind the stringent 
requirements of field uniformity in the imaging region. Due to the close proximity of brain and 
shoulders the field uniformity must extend to the neck and shoulder region, though the field 

UJ.11J.U11111LY nwuu ills I uC ijiii uo Jiiili^Wiiv in uxv uvviv mis* oiiv/uiuvi lv^ivn. 

Those skilled in the art will also appreciate that the invention is not limited to the specific 
25 shape of the yoke, and other geometries are also considered within the scope of the invention so * 
long as saturation is avoided. 
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The preceding description is of the embodiments disclosed in the second related application. 
The description following applies to the new embodiments that include the improvements 
described earlier. 

Fig. 1 1 is a cross-sectional view similar to that of Fig. 4 of one form of improved magnetic 
5 structure for NMR imaging of the head. For purposes of clarification, to show more clearly how 
the improvement relates to the embodiment of the second related application, several dashed 
lines 102 and 104 have been added to Fig. 11. Dashed line 102 corresponds to the curved 
concave line AB of Fig. 4 that represents the far annular surface of the conical magnet 26, 
remote from the apex represented by point P 0 , and that separates that annular surface from the 

1 0 adjacent non-magnetic space 32 shown empty in Fig. 4. Dashed line 104 corresponds to the 
vertical straight line AC of Fig. 4 that represents the inner annular surface of the first or inner 
cylindrical magnet 20 (Fig. 4) and that also bounds the opposite side of the non-magnetic space 
32. The latter is the non-magnetic element 32 with the triangular cross-section referred to earlier 
in which the field direction is anti-parallel to that within the cavities. 

1 5 A principal feature of the improvement of the present application is to reconfigure the 

permanent magnetic structure in order to improve the field uniformity within the head and 
shoulder cavities. This is accomplished in accordance with a feature of the invention by 
extending laterally inwardly the inner cylindrical magnet (referred to as 120 in Fig. 1 1) 
substantially to fill or greatly reduce that non-magnetic region (32 in Fig. 4) with magnetic 

20 material having the same direction of remanence 122 as that 22 of the outwardly-extending inner 
cylindrical magnet 120 up until the imaginary dashed line 102. Put another way, the far surface 
of the conical magnet 1 10 is extended upwardly and outwardly to meet the adjacent inner 
cylindrical magnet 120. Since the latter is no longer completely cylindrical as now the dividing 
line between the conical magnet and the inner cylindrical magnet 120 has become blurred or 

25 unclear, the description here and in the claims refers from time to time to an "essentially 

cylindrical magnet", meaning that the structure 120 still behaves mainly as if it were a simple 
cylindrical magnet and can be so treated in the design analysis. The resultant configuration 
corresponds to that disclosed in Fig. 3. 1 of the Appendix. - 
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These kinds of magnetic structures employing conical and cylindrical magnets and designed 
to produce a uniform field in a region of interest capable of providing NMR imaging provide 
best results when the remanences of the conical 1 10 and cylindrical magnets 120 are oriented in 
the same direction, parallel to the longitudinal axis Z of the structure. However, this may 
5 introduce distortions in the uniform field due so-to speak to the non-matching magnetic interface 
between the adjacent surfaces of the conical magnet and the inner cylindrical magnet 
(designated schematically by dashed lines 102 and 104). The present invention deals with 
several preferred embodiments which allow closer coupling of the adjacent surfaces of the 
conical magnet and the inner cylindrical magnet without significantly impairing the field 

1 0 uniformity and in some cases actually improving the field uniformity. 

One possible solution according to the present invention is to replace the triangular non- 
magnetic region 32 of Fig. 4 with magnetic material having a value of remanence approximately 
twice that of the conical magnet 26 of Fig. 4 and having the same orientation. This is less 
preferred because it reduces the active field. The reason is that, if the choice of material for the 

1 5 replaced triangular 32 section is chosen to provide the greatest remanence, it means that the 
remanence of the conical section will be much lower, resulting in the smaller field intensity. 

A preferred embodiment is for the inner cylindrical magnet 120 to maintain the higher value 
of remanence, the same as that of the conical section, but preferably is divided horizontally into 
at least two segments 106 and 107 separated by a magnetic strap 108, which, as described 

20 earlier, is a thin high permeability layer, only thick enough to prevent saturation, that forces the 
facing contacted surfaces of the inner cylindrical magnet segments 106, 107 to follow 
equipotential lines or surfaces. Note that the strap 108 terminates at the imaginary curved 

14*»/^ir\0 lont «-» n»v>n11 mnrmali/> -re* rr-i r\r\ 1 1 A, ronorntinfr "frV»0 i«nar cfron *=»r»/1 ■MVYnt +Vl£* 
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inner conical surface 130. This is the preferred structure depicted in Fig. II. Otherwise, the 
25 curved line extending between P 0 and P 2 in Fig. 4 is essentially similar to the same curved line 
130 in Fig. II, and the curved line AB in Fig. 4 is essentially similar to the curved dashed line 
102 in Fig. 1 1 . The thin laterally extending ferromagnetic strip 132 in Fig. 1 1 corresponds to 
that designated 28 in Fig. 4 and functions as a magnetic strap. Another way of viewing this 
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embodiment compared to that of Fig. 4 is as a virtual integration of the conical magnet 1 10 and 
the inner cylindrical magnet 120 to form nearly a single structure with the same vertical 
remanence 122, orientation as well as magnitude, leaving still a smaller non-magnetic region 
1 16 and for best results requiring at least one strap 108 preferably located midway inside the 
5 inner cylindrical magnet 120. Nevertheless, the overall result is for improved field uniformity in 
the region of interest, which as before is generally a sphere whose center is at the origin O within 
the smaller cavity 32. As a further alternative, several evenly spaced parallel magnetic straps 
134 can also be employed as illustrated schematically in Fig. 12. Not shown in Fig. 12 are the 
small non-magnetic sections that preferably separate the ends of the straps from the inner surface 

1 0 of the conical magnet. Fig. 12 also shows some of the equipotential lines in such a structure. 
The abscissa and ordinate in Fig. 12 are in cm. The thicker line at the top of Fig. 1 1 
symbolically represents the yoke shown more clearly in Fig. 7. 

It will also be observed that the inner conical surface, 130 in Fig. 1 1, is not a perfectly 
straight line. Nevertheless, for present purposes, it can properly be described as a surface of a 

1 5 conical structure and will behave essentially the same as if it were perfectly straight. 

The overall configuration of the Fig. 1 1 embodiment, including its conical angle 140 formed 
as shown between the outer conical surface 131 and a plane perpendicular to the z direction, its 
cavity dimensions 142, 144, 146, 148, the height 150, 152, and the overall height 154 and width 
of the quarter section illustrated in Fig. 1 1 , can be similar to that given in Fig. 5. Some 

20 dimensions will vary to achieve best operation, as is common with these designs. Following the 
principles enunciated in the Appendix will enable the person of ordinary skill in the art to devise 
a structure adequate for his or her intended purpose. The strap dimensions are kept as thin as 
possible to avoid saturation. A thickness of 10 cm should prove adequate for most purposes. 
As explained in the Appendix, when a series of computation are conducted of the field 

25 intensity in the region of interest and its variation over the region of interest for different values 
of K, it was unexpectedly discovered that a small adjustment in K can result in an improvement 
of uniformity, illustrated in Fig. 13 for the embodiment of Fig. 1 1 with a single strap. When the 
variation in field intensity in ppm is plotted against the values of K, a curve 160 results that 
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peaks at a slightly increased value of K. The value of the field in Tesla for that value of K is not 
significantly less than that for the nominal value. Best results are achieved at a K value 
increased by about 3%. The number may be somewhat different for other nominal K values but, 
interestingly, is typically higher by a few percent. 
5 A feature of the invention is a design method which takes advantage of this phenomena. 

Normally, a nominal value of K is chosen determined by the magnetic materials that will be used 
and the field intensity wanted in the region of interest. For example, where J 0 is chosen equal to 
approximately 1.3 T, and the nominal value of K chosen is about 0.49, then = .64 T. The 
next step is to perform a series of computations measuring the field uniformity and field 

1 0 intensity as K is varied over, say, a range of 1.-1.6. A graph similar to that of Fig. 13 should 
result, and the designer can then chose that increased value of K that provides the desired 
uniformity and field strength. Generally this will be a value of K several percent higher than the 
nominal value. To implement this design feature requires a small reconfiguration of the 
magnetic structure. For example, K can be increased by increasing H, obtained by increasing the 

1 5 amount of magnetic material present in the structure, such as by increasing the thickness of the 
cylindrical magnet 30. In addition, a magnetic material from the same family but with larger 
remanence can be chosen to maintain the same field intensity H. Since the increase wanted of K 
is small, only a small change in the configuration is necessary to obtain the benefits of this 
aspect of the invention. Other ways of increasing K will be evident to those skilled in this art. 

20 A modification of the external magnet may be adopted in the design of the structure of the 

invention in accordance with another feature of the invention, for the purpose of reducing the 
weight of the magnet, as shown in Fig. 14. The hollow geometry of the inner ferromagnetic pole 
piece 124 is recessed 170 to receive and house part 172 of the magnetized material of the outer 
cylindrical magnet which extends over the center as shown, the remaining part being designated 

25 174 and being separated by a non-magnetic region 176 having a trapezoidal-cross-section. The 
thickness in the Z direction of the two cylindrical parts 172, 174 of the outer cylindrical magnet 
can be about the same as that in the Fig. 1 1 embodiment. The angled extension 178 joining the 
pole piece 124 with the strap 132 functions similarly to a strap. The thickness of the reduced 
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pole piece can be determined by design or by trial and error. The angle indicated by 180 will 
typically be close to that of the inner conical surface of the conical section 1 10. The result is 
that part of the space previously occupied by the ferromagnetic pole piece is now occupied by 
the external magnet. Hence, overall, the size and weight of the structure is reduced. This can be 
5 of great importance, since these structures intended for human use are very large and, since 
magnetic material is intrinsically heavy, the entire structure can weigh several tons. Structural 
variations that reduce size and weight can be important for certain applications. However, the 
field in the region of the external magnet becomes more non-uniform thereby reducing the 
efficiency of transfer of the energy stored in the external magnet into the energy of the magnetic 
1 0 field generated by the magnet. Hence, one can expect that with the saving of some weight of the 
ferromagnetic component of the magnet there will result a reduction of the field strength in the 
region of interest. 

I described above the uniform field distortion problems arising from the finite dimensions of 
a practical magnet and by the fabrication tolerances of the geometry and distribution of the 

1 5 magnetization. The distortion due to the effect of finite dimensions can be at least partially 

compensated in the design phase by modifying the value of K of the external magnetic structure 
as described above, but the distortion due to fabrication tolerances cannot be compensated in the 
design phase and requires another approach. Several of my earlier patents have proposed 
compensation schemes for different magnetic structure geometries involving the judicious 

20 placement of magnetic dipoles about the structure. For example, USP 5,055, 812 describes 
compensation means for a yokeless permanent magnetic structure; USP 5,428, 333 also 
describes different compensation means for a yokeless permanent magnetic structure. Those 
compensation schemes however are best suited for the conical geometry that characterizes the 
present invention. 

25 In accordance with another feature of the invention, a compensation scheme for the conical 

magnetic structure geometries described herein comprises the judicious placement of magnetic 
dipoles about the structure based on principles different from the principles used in the 
referenced patents. As described in more detail in Section 4 of the Appendix, the compensation 
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shimming is performed by means of a distribution of magnetic dipoles on the outer conical 
surface 131. Preferably, the magnetic dipoles are in the form of axially-spaced discrete rings or 
annular elements. The location of the magnetic dipoles, and their magnitude and orientation are 
determined by following the methodology described in great detail in the Appendix. Briefly, the 
5 shimming method of the invention requires the following steps: 

1. Assemble the entire conical magnetic structure as described above. Preferably, but not 
necessarily, the magnetic structure is designed to incorporate the adjustment in K to compensate 
for the effect of finite dimensions. 

2. Measure the magnetic field uniformity over a reference sphere 195 (Fig. 15) having an 

1 0 origin at the structure center and preferably reaches to the bottom of the opposed center elements 
whose surfaces 198 bound the cavity 32 and includes the region of interest. This measurement 
essentially maps the field intensity over the reference spherical surface. Non-uniformities 
representing distortions of the desired uniformity will typically be present. 

3. Choose the number of compensation rings to be employed. The number typically will be 

1 5 at least two or three. The rings of permanent magnetic material are dimensioned to surround and 
contact the conical surfaces 131. The rings, if more than one, lie in parallel planes and are 
axially spaced, i.e., in the z direction, and thus will necessarily have different radii. The plane of 
the rings, preferably, is perpendicular to the z axis. If more than two rings are chosen, then their 
axial spacing is preferably equal The effect of the rings depends on their closeness to the region 

20 of interest. Thus, preferably a first ring is placed on the outer conical surface 13 1 at its bottom 
vertex 133 with its lowermost surface coincident with the cavity-bounding surfaces 198. If a 
second ring is used, it preferably is placed a short distance above or below the first ring on the 
outer conical surface. The ring axial spacing is not critical except they should be located close 
to the region of interest. Their magnetization is determined as will be explained below. 

25 4. Magnetize the rings such that when positioned on the conical magnet, the orientation of 

their remanence is radial and perpendicular to the z axis, i.e., parallel to the r axis in the figures. 
It is understood that pairs of rings are preferably used so that a ring on the upper conical section 
is matched by a ring on the lower conical section and arranged symmetrically to one another. 
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The rings are preferably always magnetized in anti-parallel relationship such that when the first 
or lowermost ring on the upper cone is magnetized radially inwardly, its counterpart on the 
opposite cone (lower cone in the figures) is magnetized radially outwardly, and the next or 
second ring on the upper cone is also magnetized radially outwardly, and so on. Thus, an 
5 inverted magnetization relationship is maintained among the rings. 

5. The configuration of the rings, i.e., their magnetizations and orientations, are determined 
by computing the system of equations defined by equations 4. 12 and 4. 13 of the Appendix, 
whose terms are defined by the previous equations 4.1-4.11, using the field mapping obtained in 
step 2, i.e., without the rings present. 
10 6. Place the first ring on the outer conical surface 13 1 at its preferred location at the bottom 

vertex 133 and if used the other rings as described. 

7. Re-measure the magnetic field uniformity over the same reference sphere having an 
origin at the structure center and co-spherical with the region of interest. Typically, a relatively 
coarse compensation will result from the presence of the compensating rings. 
1 5 8. Re-compute the system of equations defined by equations 4. 12 and 13 of the Appendix, 

whose terms are defined by the previous equations 4. 1-4. 1 1, using the new field mapping 
obtained in step 7 with the rings present. 

9. Reconfigure the ring or rings in accordance with the new computations obtained in step 8 
compared with that obtained in step 5 to adjust the dipole distribution to reduce the distortion 
20 and reassemble. When the uniformity is now re-measured with the reconfigured rings in place, 
typically, an improved compensation will result, and the process can be repeated until the 
desired value of uniformity is achieved. 

Reconfiguring the rings to improve uniformity can be done in several ways: 

a) re-construct and magnetize the first and any other rings present using a material of greater 
25 or lesser remanence to increase or decrease the magnetization and reassemble and re-measure to 

determine whether the effect is better or worse; 

b) add a second or third or more rings, and re-measure to determine whether the effect is 
better or worse. In general, the more rings used, the greater the field uniformity but at the 
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expense of a small reduction in field intensity. Further adjustments can be obtained by 
repositioning either or both of the rings, or increasing or decreasing the radial or vertical 
thickness of the rings. However, they should preferably always remain vertically spaced from 
one another. 

5 The dimensions of the ring or rings are not critical. Typical radial and vertical thicknesses 

can vary between about 1-5 cm. It will be observed that when more than one ring is employed, 
then they will necessarily have different inside and outside radiuses. In all cases, the planes of 
the rings are perpendicular to the cone axis and parallel to the bottom surface of the inner 
ferromagnetic core. 

1 0 In general, shimming rings will preferably be placed on both the upper and lower conical 

sections at corresponding locations, and the orientation of magnetization of the rings at their 
corresponding locations will be chosen to be anti-parallel. For instance, in the preferred 
embodiment of Fig. 15, the first ring 185 located at the bottom of the outer conical surface of the 
upper cone is magnetized radially inwardly, that is, the N pole faces inwardly and the S pole 

1 5 faces outwardly. Conversely, the corresponding first ring 187 located at the bottom of the outer 
conical surface of the lower cone is magnetized radially outwardly. In this context, "bottom" 
means the surface bounding the cavity 32. Preferably, also, plural rings on a cone are 
magnetized anti-parallel. Thus in Fig. 15, on the lower cone, the first ring 187 is magnetized 
outwardly, and the second ring 189 is magnetized inwardly, also in anti-parallel relationship with 

20 the corresponding second ring 191 on the upper cone. 

As explained in greater detail in the Appendix, in Figs. 4. 1 and 4.2, the line P 0 -B follows the 
outer cone surface, and the reference sphere is shown in the first quadrant with a radius of pi . 
Fig. 4.4 shows the effect of the ring locations, with the parameter 0 representing a ring at the 
narrow end of the cone, in the lowermost position, and the parameter 1.0 representing a ring at 

25 the wider end of the cone, in the uppermost position furthest from the origin. Note that as the 
ring location moves further from the origin its effect lessens. Fig. 4.6 shows the reduced 
distortion of the redesign with the slightly increased value of K. Fig. 4.7 illustrates a partial or 
coarse compensation obtained using the two-ring example illustrated in Fig. 15. The inverted S- 
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curves show the field effect of the two rings at 0 = 0°, and the two horizontal curves illustrate the 
field uniformity by field mapping over the sphere in the first quadrant for this simple illustrative 
example for the rings. The lower curve shows the distortion without the rings present, and the 
upper curve shows the effect of the rings. It will be noted that there is a rough compensating 
5 effect when the two curves are combined. To improve the uniformity, it will be necessary for 
this simple example to add more rings to achieve the high value of uniformity desired for 
optimum MRI imaging. 

As with the other embodiments, it will be appreciated that the embodiments of Figs. 1 1 and 
14 represent only one quadrant of the structure. The full structure is obtained as illustrated in 

1 0 Figs. 7-9 by rotating that quadrant about the vertical and horizontal axes originating at the origin 
0, and thus expanded to include both upper right (shown in Fig. 1 1) and left quadrants, to form a 
circular-symmetrical magnetic structure 42, spaced opposite to an identical structure 44 
corresponding to the lower right and left quadrants. 

While the invention has been described in connection with preferred embodiments, it will 

1 5 be understood that modifications thereof within the principles outlined above will be evident to 
those skilled in the art and thus the invention is not limited to the preferred embodiments but is 
intended to encompass such modifications. 
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